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ABSTRACT 

Using the NIRSPEC spectrograph at Keck II, we have obtained infrared echelle spec- 
tra covering the range 1.5 — 1.8 /Ltm for the moderately reddened bulge globular clus- 
ters NGC 6342 and NGC 6528, finding [Fe/H]=-0.60 and -0.17 dex, respectively. We 
measure an average a-enhancement of w +0.33 dex in both clusters, consistent with 
previous measurements on other metal rich bulge clusters, and favoring the scenario of 
a rapid bulge formation and chemical enrichment. We also measure very low 12 C/ 13 C 
isotopic ratios (~5 in NGC 6342 and «8 in NGC 6528), suggesting that extra-mixing 
mechanisms due to cool bottom processing are at work during evolution along the Red 
Giant Branch. 

Key words: Galaxy: bulge, globular clusters: individual (NGC 6342 and NGC 6528) 
— stars: abundances, late-type — techniques: spectroscopic 



1 INTRODUCTION 

Infrared, high resolution spectroscopy has tremendous po- 
tential as a powerful tool to study both distant and obscured 
stellar populations. For the heavily obscured regions of the 
Galactic bulge and center, infrared spectroscopy offers the 
best approach to measuring the composition of the old stel- 
lar populations. 

Over the past few years we have commenced a high- 
resolution spectroscopic survey of the Galactic bulge in 
the near-IR using NIRSPEC, a high throughput infrared 
(IR) echelle spectrograph at the Keck Observatory IIMcLearJ 
1998). H-band (1.5-1.8 (im) spectra of bright giants in the 
bulge globular clusters and field population are ideal for de- 
tailed abundance analysis of Fe, C, O and other a-elements, 
using the approach of synthesizing the entire spectrum. By 
observing the most luminous giants in the infrared, we have 
the possibility of placing the obscured stars and globular 
clusters toward the galactic center, and populations well 
studied in the optical, on the same abundance scale. The 

* Data presented herein were obtained at the W.M.Keck Obser- 
vatory, which is operated as a scientific partnership among the 
California Institute of Technology, the University of California, 
and the National Aeronautics and Space Administration. The Ob- 
servatory was made possible by the generous financial support of 
the W.M. Keck Foundation. 



abundance distributions in the cluster and field populations 
are important in constrain ing the history of bulge formation 
and chemical enrichment jMcWilliamll 19971) . 

We have used this method to derive abundances for 
four bulge globular cl usters: the results for NGC 65 53 and 
Liller 1 are given in lOriglia. Rich fe Castrol (120021) . while 
abundances for Terz an 4 and Terzan 5 are reported in 
lOriglia fe Rich] (I2004I) . We find a- enhancement at a level of 
a factor between 2 and 3 over the whole range of metallicity 
spanned by the clusters in our survey, from [Fe/H]«-1.6 (cf. 
Terzan 4) up to [Fe/H]~-0.2 (cf. Terzan 5). In this paper we 
present the high resolution IR spectra and the abundance 
analysis of four bright giants in NGC 6342 and NGC 6528, 
two bulge globular clusters with relatively low reddening. 

T he most recent metallici ty estimates based on op- 
tical llHeitsch fe Richtleil 1999) and near-IR photom etry 
jMomanv et alJ 120031 : IValenti. Ferraro fe Origlial 120041) re- 
port global metallicities [M/H]~ —0.4 and ~ +0.0 dex and 
iron abundance s [Fe/H]« -0.6 and w -0.2 for NGC 6342 
and NGC 6528, respectively. NGC 6342 has never been stud- 
ied at high spectral resolution before, while NGC 6528 has 
been observed with HIRES at Keck I by ICarretta et alJ 
( 2001). They found iron abundance slightly in excess of solar 
([Fe/H]=+0.07) and a-enhancement of Ca ([Ca/Fe]=+0.2) 
and Si ([Si/Fe]=+0.4) and marginal enhancem ent of O, 
Mg and Ti. Very recently, IZoccali et alJ (l2004t> observed 
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Figure 1. H band images of the core regions of NGC 6528 and NGC 6342 as imaged by the slit viewing camera (SCAM) of NIRSPEC. 
The field of view is 46"on a side and the image scale is 0'.'183 pixel~ ; the slit is 24" long. The observed stars are numbered (cf. Table 1). 



NGC 6528 giants with UVES at VLT, finding [Fe/H]=-0.15 
and moderate a-enhancement of 0, Si and Mg by f»+0. 1-0.2 
dex. 

Our observations and data reduction follow in Sect. 2. 
Sect. 3 discusses our abundance analysis and in Sect. 4 the 
resulting metallicities and radial velocities are presented. We 
discuss our findings in Sect. 5. 



2 OBSERVATIONS AND DATA REDUCTION 

Near infrared, high-resolution echelle spectra of four bright 
giants in the core of the bulge globular clusters NGC 6342 
and NGC 6528 have been acquired during two observational 
campaigns in July 20 02 and 2003. W e used the infrared spec- 
trograph NIRSPEC jMcLearll99Sft which is at the Nasmyth 
focus of the Keck II telescope. The high resolution echelle 
mode, with a slit width of 0'.'43 (3 pixels) and a length of 24" 
and the standard NIRSPEC-5 setting, which covers most 
of the 1.5-1.8 micron H-band, have been selected. Typical 
exposure times (on source) ranged from 8 to 16 minutes. 
Fig. Q shows the H band images of the observed core region 
of NGC 6342 and NGC 6528 taken with the slit viewing 
camera (SCAM) of NIRSPEC, which has a field of view of 
46"x46" and a scale of 0'.'183 pixel' 1 . 

The raw two dimensional spectra were processed using 
the REDSPEC IDL-based package written at the UCLA IR 
Laboratory. Each order has been sky subtracted by using 
the pairs of spectra taken with the object nodded along the 
slit, and subsequently flat-field corrected. Wavelength cali- 
bration has been performed using arc lamps and a second 
order polynomial solution, while telluric features have been 
removed by dividing by the featureless spectrum of an O 
star. At the NIRSPEC resolution of R=25,000 several single 
roto-vibrational OH lines and CO bandheads can be mea- 



sured to derive accurate oxygen and carbon abundances. 
Other metal abundances can be derived from the atomic 
lines of Fe I, Mg I, Si I, Ti I and Ca I. Abundance analysis 
is performed by using full spectral synthesis techniques and 
equivalent width measurements of representative lines. 



3 ABUNDANCE ANALYSIS 

We compute suitable synthetic spectra of giant stars by 
varying the stellar parameters and the element abun- 
dances using an updated v e rsion of the code described in 
lOriglia. Moorwood fe Ol iva (1993J). The main characteris- 
tics of the c ode have been widely discus s ed in our pre- 
vious papers lOriglia. Rich fe Castrol 120021: lOrigl ia fe Rich 
l2004h and they will not be repeated here. The code uses the 
LTE approximation an d is based on the molecular blanke ted 
model atmospheres of I Johnson. Bernat fe Krupd il980f) at 
temperatures ^4000 K and the ATLAS9 models for tem- 
pera tures above 4000 K. The re ference solar abundances are 
from iGrevesse fe Sauvall j 19981) . 

Photometric estimates of the stellar parameters are ini- 
tially used as input to produce a grid of model spectra, al- 
lowing the abundances and abundance patterns to vary over 
a large range and the stellar parameters around the photo- 
metric values. The model which better reproduces the over- 
all observed spectrum and the equivalent widths of selected 
lines is chosen as the best fit model. We measure equivalent 
widths in the observed spectrum (see Table 0, in 

the best fit model and in four additional models which 
are, respectively, ±0 .1 and ±0.2 dex away from the best- 
fitting. This approach gives us the uncertainties listed in 
Table H 

Stellar parameter uncertainty of ±200 K in temperature 
(T e //), ±0.5 dex in log-gravity (log g) and ±0.5 km s _1 in 
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Table 1. (J — K)o colors, heliocentric radial velocity and equivalent widths (mA) of some representative lines for the observed stars in 
NGC 6342 and NGC 6528. 



NGC 6342 NGC 6528 



star 


#1 


#2 


#3 


#■1 


#1 


#2 


#3 


#4 


ref # a 


53 


16 


48 


19 


3139 


3101 


3167 


3166 


(J " K)§ 


0.64 


0.80 


0.67 


0.77 


1.01 


0.94 


0.77 


0.78 


M bol 


-0.6 


-1.4 


-0.6 


-1.4 


-3.7 


-2.3 


-2.4 


-2.6 


v r [km s _1 ] 


+111 


+111 


+111 


+121 


+215 


+215 


+200 


+210 


Ca Al. 61508 


80 


132 


80 


113 


279 


261 


231 


209 


Fe Al. 61532 


158 


186 


145 


164 


250 


265 


257 


247 


Fe A1.55317 


145 


168 


143 


153 


213 


227 


230 


218 


Mg A1.57658 


396 


408 


396 


377 


439 


447 


462 


435 


Si Al. 58884 


399 


458 


400 


397 


534 


518 


514 


503 


OH A1.55688 


62 


211 


62 


136 


358 


320 


306 


280 


OH A1.55721 


63 


228 


62 


137 


367 


324 


308 


285 


Ti Al. 55437 


187 


290 


187 


264 


413 


418 


397 


429 



a Stars in NGC 6342 from lValenti. Ferraro fe Origlial <2004l) . in NGC 6528 from lFerraro et al] fcOOdV 
6 Reddening corrected colors adopting E(B-V)=0.57 for NGC 6342 and E(B-V)=0.62 for NGC 6528 (see Sect. 4). 



microturbulence velocity (£) , can introduce a further sys- 
tematic dex uncertainty in the absolute abundances. 
However, since the CO and OH molecular line profiles are 
very sensitive to effective temperature, gravity, and micro- 
turbulence variations, they constrain better the values of 
these parameters, significantly reducing their initial range 
of variation and ensuring a good self-consistency of the 
overall spectral synthesis p rocedure llOriglia. Rich fe Castrol 
l2002l:IOriglia fc Richl2004T) . Solutions with AT eff = ±200 K, 
Alog g=±0.5 dex and A£= +0.5 km s _1 and corresponding 
±0.2 dex abundance variations from the best-fitting one are 
indeed les s statistically significa nt (typically at 1 ^ a ^ 3 
level only. lOriglia fe Rich] (|200^)). Moreover, since the stel- 
lar features under consideration show a similar trend with 
variation in the stellar parameters, although with different 
sensitivity, relative abundances are less dependent on stellar 
parameter assumptions, reducing the systematic uncertainty 
to <0.1 dex. 



4 RESULTS 

By combining full spectral synthesis analysis with equiva- 
lent width measurements, we derive abundances of Fe, C, 
O and 12 C/ 13 C for the four observed giants in NGC 6342 
and NGC 6528. The abundances of additional a— elements 
Ca, Si, Mg and Ti are obtained by measuring a few major 
atomic lines. 

The near-IR spectra of cool stars also contain many CN 
molecular lines. However, at the NIRSPEC resolution most 
of them are very faint and blended with the stronger CO, 
OH and atomic lines. By performing full spectral synthesis 
and analyzing the few lines reasonably detectable (although 
contaminated), one can obtain rough estimates of nitrogen 
abundances. 

Stellar temperatures (see Table are both estimated 
from the (J — K)o colors (see Table and molecular lines, 
gravity from theoretical evolutionary tracks, according to 



the location of the stars on the Red Giant Branch (RGB), 
and adopting an average microtu rbulence velocity of 2.0 
km/s (see also lOriglia et afl ll997'h Equivalent widths (see 
Table are computed by Gaussian fitting the line profiles 
and the overall uncertainty is ^10%. 

In order to check further the statistical significance of 
our best-fitting solution, we compute synthetic spectra with 
AT eff = ±200 K, Alog g=±0.5 dex and A£= +0.5 km s _1 , 
and with corresponding simultaneous variations of ±0.2 dex 
of the C and O abundances to reproduce the depth of the 
molecular features. W e follow the strategy illustrated in 
lOriglia fe Richl i2004t) . As a figure of merit we adopt the 
difference between the model and the observed spectrum 
(hereafter 8). 

In order to quantify systematic discrepancies, this pa- 
rameter is more powerful than the classical \ 2 test, which is 
instead equally sensitive to random and systematic scatters. 

Since 5 is expected to follow a Gaussian distribution, 
we compute S and the corresponding standard deviation 
for our best-fitting solution and the other models with the 
stellar parameter and abundance variations quoted above. 
We then extract 10,000 random subsamples from each test 
model (assuming a Gaussian distribution) and we compute 
the probability P that a random realization of the data- 
points around a test model display a 5 that is compatible 
with an ideal best-fitting model with a 5=0. P ~ 1 indicates 
that the model is a good representation of the observed spec- 
trum. The statistical tests are performed on portions of the 
spectra mainly containing the CO bandheads and the OH 
lines which are the most sensitive to the stellar parameters. 

4.1 NGC 6342 

In order to obtain a photometric estimate of the stellar tem- 
peratures and t he bolometric magnitudes we use t he near IR 
photometry bv lValenti. Ferraro fc Origlial |2004) and their 
E(B-V)=0.57 reddening and (m-M) =14.63 distance modu- 
lus. We also use the color-temperature transformations and 
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Table 2. Adopted stellar atmosphere parameters and abundance estimates. 



NGC 6342 NGC 6528 



star 


#1 


#2 


#3 


#4 


#1 


#2 


#3 


#4 


T c ff [K] 


4250 


4000 


4250 


4000 


3600 


3800 


4000 


4000 


log g 


1.5 


1.0 


1.5 


1.0 


0.5 


0.5 


1.0 


1.0 


£ [km s- 1 ] 


2.0 


2.0 


2.0 


2.0 


2.0 


2.0 


2.0 


2.0 


[Fe/H] 


-0.61 


-0.57 


-0.59 


-0.62 


-0.21 


-0.16 


-0.15 


-0.17 




±.09 


±.08 


±.09 


±.09 


±.06 


±.07 


±.08 


±.08 


[O/Fe] 


+0.33 


±0.30 


±0.29 


±0.30 


±0.32 


±0.27 


±0.38 


±0.33 




±.11 


±.09 


±.10 


±.10 


±.10 


±.09 


±.08 


±.09 


[Ca/Fe] 


±0.40 


±0.37 


±0.39 


±0.37 


±0.41 


±0.36 


±0.35 


±0.37 




±.17 


±.14 


±.17 


±.17 


±.11 


±.11 


±.12 


±.13 


[Si/Fc] 


±0.36 


±0.40 


±0.39 


±0.32 


±0.31 


±0.26 


±0.35 


±0.27 




±.18 


±.17 


±.18 


±.18 


±.19 


±.19 


±.19 


±.19 


[Mg/Fe] 


±0.37 


±0.37 


±0.39 


±0.37 


±0.31 


±0.36 


±0.37 


±0.37 




±.15 


±.16 


±.15 


±.15 


±.14 


±.14 


±.14 


±.14 


[Ti/Fe] 


±0.21 


±0.27 


±0.24 


±0.27 


±0.22 


±0.26 


±0.37 


±0.37 




±.19 


±.19 


±.19 


±.19 


±.13 


±.13 


±.13 


±.14 


[a/Fe] a 


±0.33 


±0.35 


±0.35 


±0.34 


±0.31 


±0.31 


±0.36 


±0.34 




±.13 


±.12 


±.13 


±.13 


±.10 


±.10 


±.11 


±.11 


[C/Fe] 


-0.34 


-0.33 


-0.31 


-0.37 


-0.29 


-0.34 


-0.25 


-0.53 




±.11 


±.11 


±.11 


±.11 


±.09 


±.10 


±.10 


±.11 



a [a/Fe] is the average [< Ca, Si,Mg, Ti > /Fe] abundance ratio (see Sect. 4). 



bolometric corrections of iMontegriffo et alJ lll99ct) . specif- 
ically calibrated for globular cluster giants. We constrain 
effective temperatures in the range 4000-4500 K, and we es- 
timate bolometric magnitudes Mboi ~ —0.6 for stars #1 e 3 
and Mboi w — 1.4 for stars #2 and 4 (see Table 0. The final 
adopted temperatures, obtained by best-fitting the CO and 
in particular the OH molecular bands which are especially 
temperature sensitive in cool giants, are reported in Tabled 
Fig.|2]shows our synthetic best fits superimposed on the 
observed spectra of the four giants in NGC 6342. From our 
overall spectral analysis we find average [Fe/H]= —0.60 ± 
0.01, [0/Fe]= 0.31 ± 0.01 and [a/Fe] = 0.34 ± 0.01 (see 
Table We also measure an average carbon depletion 
([C/Fe]=-0.34±0.01 dex) and low 12 C/ 13 C w 5 ± 1 isotopic 
ratio and enhancement (by a factor of 2-3) of [N/Fe]. As 
shown in Fig. 2] our best-fitting solutions have an average 
probability P >0.99 to be statistically representative of the 
observed spectra. The other test models with different as- 
sumptions for the stellar parameters are only significant at 
> 1.5 a level. 

From the NIRSPEC spectra we also derived stel- 
lar heliocentric radial velocities (see Table 0, finding an 
average value of ±114±3 km/s with a dispersion a — 
5 km/s, in good agreem e nt w ith the one obtained by 
iDubath. Mevlan fe Mavoil lll997l) who find v r = ±118 ± 
2 km/s and a— 5 km/s. 



4.2 NGC 6528 

We use the near IR photometry of lFerraro et alJ i2000T) and 
their E(B-V)=0.62 reddening and (m-M) =14.37 distance 
modulus. We find photometric temperatures in the 3600- 
4000 K range and bolometric magnitudes between -2.3 and 



-3.7 (see Table0. The final adopted temperatures, obtained 
by best-fitting the CO and the OH molecular bands, are 
reported in Table [5] 

Fig- Ellshows our synthetic best-fitting superimposed on 
the observed spectra of the four giants in NGC 6528. For 
this cluster our abundance analysis give an average [Fe/H] = 
-0.17 ± 0.01, [0/Fe]= ±0.33 ± 0.02 and an overall average 
[a/Fe] = 0.33 ± 0.01. We also measure an average carbon 
depletion ([C/Fe]=-0.35±0.06 dex), a low 12 C/ 13 Cfa 8 ± 2 
and some [N/Fe] enhancement (by a factor of 2-3). 

In order to further check the robustness of our best- 
fitting solutions, the same statistical test done for NGC 6342 
has been repeated here. As shown in Fig. our best-fitting 
solutions have an average probability P >0.97 to be statisti- 
cally representative of the observed spectra, while the other 
test models are only significative at ^ 1.5 a level. 

By measuring the stellar radial velocities (see Table 
we find an average value of ±210±4 km/s with a dispersion 
a = 7 km/s, in excellent agreement with the one proposed 
bv lCarretta et all <l200lT) . namely v r = ±210 ± 2 km/s and 
cr— 4 km/s. 



5 DISCUSSION AND CONCLUSIONS 

Our high resolution spectroscopy in the near IR gives iron 
abundances for NGC 6342 and NGC 6528 which are in excel- 
lent agreement with the photometric estimates, as obtained 
from the RGB morphology and luminosity in the optical as 
well as in the near IR. 

Our iron abundance of NGC 652 8 is also in excellent 
agreement with the one estimated bv lZoccali et alJ (l2004h 
from optical spect roscopy, while is slig htly lower («0.2 
dex) than that of ICarretta et all d200lj) . Such a slightly 
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Figure 2. Selected portions of the observed echelle spectra (dotted lines) of the four giants in NGC 6342 with our best- fitting synthetic 
spectrum (solid line) superimposed. A few important molecular and atomic lines of slightly interest are marked. 



higher value of iron abundance is still marginally consis- 
tent at a ^ 2a level with our IR spectra. A similar iron 
abundance discrepancy betw een IR dOriglia. Rich fe Castrol 
| 2002l: iMelendez et aJj ' l2003) and optical measurements by 
Icarretta et alJ <200ll) has been found for NGC 6553. 

Our O, Ca, Mg and Ti abundances of NGC 6528 
are fully cons i stent with the study of red HB stars by 
ICarretta et alJ (l200lT) . while our Si abundance is lower by 
~0.3 dex. Our O, Si, and Mg abundances are also consistent 
(only marginally higher) w ith those for red gia nts (though 
less luminous than ours) bv lZoccali et alJ i2004h . The abun- 



dances of Ti and Ca, in particular, bv lZoccali et alJ (|2004tl 
(see also iMc William fc R ich||l^4 [) are signif icantly lower 
than those from our and lCarretta et all (l200lT) studies. 

Our composition is als o consistent with that fou nd for 
Galactic bulge field stars dMcWilliam fe Richlll994T) . Pho- 
tometry of NGC 6528 and a comparably metal rich bulge 
globular cluster, NGC 6553, indicates that these two clus- 
ters are as old as the Galactic halo with no measurable age 
difference l|Ortolani et al.ll995t) . This has been reinforced by 
recent photometry in which the cluster members have been 
separated from the field by their relative proper motions 
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Figure 3. Selected portions of the observed echelle spectra (dotted lines) of the four giants in NGC 6528 with our best-fitting synthetic 
spectrum (solid line) superimposed. A few important molecular and atomic lines of slightly interest are marked. 



l|Zoccali et al.ll200ll : Blitzing fc Johnson 1120021) . The results 
of our study are consistent with NGC 6342 and 6528 being 
related to the field population of the Galactic bulge, their 
composition bearing the imprint of an early era of enrich- 
ment by massive star supernovae. We find it difficult to en- 
tertain the notion that type I SNe contributed significantly 
to the enrichment of NGC 6528, or that the composition of 
this cluster is different from the other bulge clusters we have 
studied. However, the significant dispersion in the compo- 
sition of NGC6528, even based on analyses using high S/N 
spectra from 8- 10m class telescopes, emphasizes that the 



composition of metal rich stars is far from being a solved 
problem. 

The low 12 C/ 13 C abundance ratios measured in 
NGC 6342 and NGC 6 528 are similar to those measured 
in bri ght giants of halo |S untzeff fe Smith ||l99l|: [Shetronel 
| l996t iGratton et alJl2000l; IVanture. Wallerstein fc Suntzefl 
bo02tlSmith. Terndrup fc Suntzefl2002l: lOriglia et al]l2003f) 
as well as other bulge foriglia. Rich fc Castrol 120021 ; 
IShetrondliool: lOriglia fc Richll2004l) globular clusters, over 
the entire range of metallicities between one hundredth and 
solar. They can be explained by additional mixing mecha- 



High resolution infrared spectra of NGC 6342 and NGC 6528: two moderately reddened Bulge Globular Clusters Da 
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Figure 4. Probability of a random realization of our best-fitting 
solution and the test models with varying temperature by AT e f * 
of ±200K (left panels), gravity by Alog g of ±0.5 dex (middle 
panels), and microturbulence by A§ of :f 0.5 Km s — 1 (right pan- 
els), with respect to the best-fitting (see Sect. [I) for the four 
giants in NGC 6342. 
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Figure 5. Probability of a random realization of our best-fitting 
solution and the test models with varying temperature by AT e f * 
of ±200K (left panels), gravity by Alog g of ±0.5 dex (middle 
panels), and microturbulence by A£ of =p0.5 Km s — 1 (right pan- 
els), with respect to the best-fitting (see Sect. |1J for the four 
giants in NGC 6528. 



nisms due to cool bottom processing in the ste llar interiors 
during the evolution along the RGB (see e.fl. | Charbonne] | 
| 1995|: iDenissenkov fe Weiss! Il996l: ICavallo. Sweieart fe Bell 
1998:lBoothrovd & Sackmannlllfl 
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